Aims-To directly visualise immunoglobulin (Ig) heavy (H) and light chain genes (K and X) in metaphase chromosomes and interphase nuclei of normal and malignant lymphocytes using small genomic probes targeted to intragenic sequences.
Methods-Cytogenetic preparations from phytohaemagglutinin stimulated lymphocytes, B-chronic lymphocytic leukaemia (B-CLL) cells, and a B-prolymphocytic leukaemia (B-PLL) cell line, containing a t (11;14) , were hybridised in situ using biotin or digoxigenin labelled plasmid probes. The K genes were visualised with a combination of probes for the CK, JK, VK1, and VK2 segments, the k genes with a probe containing the Jk2-Ck2, Jk3-Ck3 segments and the H genes with a probe for Cy2. Hybridisation sites were visualised using appropriate fluorochrome conjugates and images were analysed by digital microscopy.
Results-In both normal and malignant lymphoid cells, the K and k genes were visualised as a single dot signal, whereas the H y genes were resolved as either two or three separate signals per chromatid in metaphase chromosomes or per allele in interphase nuclei. In the malignant PLL cells, double hybridisation experiments with a painting library specific for the chromosome 11 showed that the y region was retained in the translocated chromosome, with an in situ resolution pattern similar to that of the normal allele.
Conclusions-This study shows Accepted for publication 20 December 1994 Keywords: Gene visualisation, lymphocytes, leukaemia cells.
In mammalian cells immunoglobulin (Ig) heavy (H) and light chains (K and k) are encoded by three unlinked loci, each mapped to separate chromosomes. Human H genes are located on the q32 region of chromosome 14,' K genes on chromosome 2pl2, and X genes on chromosome 22ql 12 During B cell differentiation Ig genes undergo an orderly series of rearrangements which culminate in a productive transcriptional activity. In this process, previously independent V, J, and D(H) segments are brought together through the deletion of intervening DNA sequences. The discovery that a wide variety of different VJ or VDJ complexes can be originated through simple combinative options has elegantly clarified the genetic basis of antibody diversity.3
Since Ig gene rearrangements are a prerequisite for the synthesis of immunoglobulin molecules and at the same time consist of irreversible DNA modifications in each individual cell, they have been considered as both B cell lineage specific phenomena and reliable markers of clonality. Furthermore, Ig loci are frequently involved in the breakpoints of reciprocal chromosomal translocations found in B cell malignancies, a fact that may be related to the transient genomic unstability underlying V(D)J rearrangements.4 For all these reasons, the structural analysis of these genes soon extended beyond the more fundamental fields of basic immunology, to be extensively exploited in the characterisation ofhaematological malignancies (reviewed in5). So Before hybridisation, the slides were rehydrated in 2 x SSC, incubated in RNase A (0-1 mg/ml in 2 x SSC) at 37°C for one hour and washed in 2 x SSC (3 x 5 min), followed by incubation in pepsin/HCl 10 mM (50 jsg/ml in the case of PHA stimulated lymphocytes and JVM-2 cells, 200,g/ml for B-CLL cells) at 37°C for 10 minutes. The slides were then washed in phosphate buffered saline (PBS; 2 x 5 min), PBS/MgCl2 50 mM (1 x 5 min), fixed in formaldehyde 1% for 10 minutes, washed again in PBS (3 x 5 min), and dehydrated in an ethanol series.
Sample denaturation was performed by incubating the slides in 70% formamide, 2 x SSC, at 70°C for two minutes, followed by dehydration in a series of ice cold ethanol (70, 90, 100%, 3 minutes each). Probes were denatured by heating at 70°C for 10 minutes, followed by incubation for 10 to 60 minutes at 37°C, to promote the annealing ofhuman Coti DNA to repetitive sequences.22 After preannealing, 3 gl of probe were applied onto the slide and spread under a 18 x 18 mm coverslip, subsequently sealed with rubber cement, and incubated for at least 16 hours at 37°C.
After hybridisation the slides were washed in 50% formamide, 2 x SSC at 45°C (3 x 5 min), and 0 1 x SSC at 60°C (3 x 5 min).
Detection was done by immunofluorescence methods with an amplification step. Biotinylated probes were detected by sequential incubations with FITC or Texas Red conjugated avidin (5 gg/ml), biotinylated anti-avidin antibody (5,glml), and FITC or Texas Red conjugated avidin (5 ptg/ml) (all purchased from Vector Laboratories). Detection of digoxigenin labelled probes was done with antidigoxigenin mouse antibody (0-4 sg/ml) fol-lowed by digoxigenin conjugated rabbit antimouse antibody (2 jig/ml) and FITC or TRITC conjugated anti-digoxigenin antibody (2 ,ug/ml) (Boehringer Manheim). The signal from painting probes directly labelled with FITC was amplified with anti-FITC rabbit antibody (70,g/ml) (Dako Patts) followed by FITC conjugated anti-rabbit antibody (40 jg/ml) (Sigma). The detection components were diluted in 4 x SSC, 0d1% Tween 20, 1% BSA (Sigma) (ST), and incubations were performed at 37°C for 30 minutes. Washing steps between incubations were done in ST at 37°C (3 x 5 min). After the last washing, the slides were rinsed in 2 x SSC, dehydrated through an ethanol series, air dried, and mounted in Vectashield antifading mounting medium (Vector) containing the DNA counterstain DAPI (diaminophenylindol) 20 ng/ml or PI (propidium iodide) 500 ng/ml.
DIGITAL IMAGE ANALYSIS
Fluorescence microscopy was performed using the Zeiss laser scanning microscope 310 equipped with a SIT Camera and the Argus 10 image processor (Hamamatsu, Japan). All images were acquired using a 100 x magnification oil objective. For double and triple labelling experiments, images from each fluorochrome were sequentially recorded in the same focal plane, and pseudo-colour images were generated and superimposed. A 50 kb cosmid clone specific to the VKl gene segments was used in the first experiments. As illustrated in fig 1A,D, although the probe has efficiently detected the K locus at the expected region of the chromosome 2, a significant cross hybridisation was found both on metaphase chromosomes and in interphase nuclei. To overcome this limitation, plasmid probes containing genomic regions present in the K locus were subsequently used. These consisted of a mixture of four genomic clones: a 0-6 kb fragment containing the CK region, a 5 kb fragment encompassing the 5 JK segments, and two 0 2 kb inserts hybridising to V segments belonging to the VK1 and VW2 families. As shown in fig iB, the mixed probe hybridised to both chromatids at the expected region on the short arm of chromosome 2, without cross hybridisation to other chromosomal regions. In the majority of interphase nuclei two clean single dot signals were detectable as shown in fig 1E . Similar results were obtained with the 7.5 kb Ck probe, both in metaphase chromosomes and in interphase nuclei (fig 1 C,F) . This probe also recognises the other Ck regions in the locus, as well as pseudo-k gene sequences located in other chromosomes.2' In some nuclei, the latter originated additional signals of significantly lower intensity. In other nuclei two closely spaced paired signals, instead of one, could be seen at one or both K and X allelles, suggesting that DNA replication had already taken place in those cells.
The heavy chain genes were visualised with a 1-8 kb single probe containing the Cy2 region. In double hybridisation experiments with the chromosome 14 library, Cy2 hybridised to the expected region on the telomere of chromosome 14 (data not shown). This probe is known to cross hybridise with three other functional y genes and also with a pseudo-y segment." In the majority of metaphase chromosomes, two distinct but closely spaced signals of different intensities were visible along the length or the width of each chromatid (fig 1 G) . Occasionally, three signals could be detected in one chromatid (fig 1 H) . In interphase nuclei, each allele was visualised as two or three closely spaced signals, again with different intensities (fig 11,J) . The be essentially similar to those described above. However, the two Ck alleles were consistently visualised as single dot signals of different sizes and intensity (fig 2A) . As the JVM-2 cell line has a 1 1; 14 chromosomal translocation involving the IgH J region, we further asked whether the proximity of an alien chromatin piece would alter the in situ resolution of the y locus in the translocated chromosome. Thus a double hybridisation experiment with a chromosome 11 library was performed, in order to identify the translocated allele unequivocally. As shown in fig 2B, C, the Cy2 probe originated similar patterns of resolution on both the normal and the translocated chromosome, a finding suggesting that the y region is likely to remain physically intact in the translocated allele.
In the experiments on B-CLL cells, higher concentrations of pepsin in the prehybrid- isation treatment were found to be necessary in order to optimise the signal intensity with all probes (see Methods). This is likely to reflect problems in probe accessibility originated by the highly compacted chromatin of B-CLL cells. Nonetheless, in the conditions used in this study, the three loci could easily be detected in the majority of interphase nuclei, with resolution patterns that were essentially similar to those of PHA stimulated lymphocytes (fig 2D,  E) . In a more general perspective, these observations are likely to be relevant for studies 
nonHodgkin lymphomas and hairy cell leukaemia, in which the malignant cell nucleus also shows highly condensed chromatin patterns.
Discussion
In this study we have visualised the Ig heavy and light chain genes in both interphase nuclei and metaphase chromosomes of normal and malignant lymphoid cells.
In relation to the detection of Ig genes, it is necessary to take into account the structural modifications that these genes suffer in B lymphoid cells as a consequence of somatic recombination.3 To overcome this problem the establishment of all technical conditions was deliberately carried out in lymphoid cells stimulated with PHA. This mitogen predominantly stimulates the proliferation of T lymphoid cells25 where the Ig genes are likely to be in germ line configuration. A further criterion was that the probes covered, as much as possible, regions with a high probability of remaining in the locus after recombination, so that the analysis could later be extended to B cell populations.
In order to control the hybridisation specificity of each Ig probe, the optimal conditions for the detection of chromosomes 2, 14, and 22 were first established in metaphase plates from PHA stimulated human peripheral blood lymphocytes. The hybridisation signal produced by each Ig probe was then tested by double colour hybridisations with the respective chromosome painting library. As it is generally believed that probes larger than 10 kb have a higher efficiency in detecting single copy sequences,924 a 50 kb cosmid clone specific to VK1 segments was used in the first experiments. Although highly successful in detecting the K gene at the 2pi2 region, this probe proved to be useless for further interphase analysis as it also hybridised with pseudo-VK genes present in several other chromosomes.26 Thus we decided to use a different strategy: collections of independent plasmid clones or single clones targeting different intragenic sequences were used. All the selected probes caused the origination, in metaphase plates, of signals that were exclusively located at the expected chromosomal region and as such were considered suitable for interphase analysis in these cells.
The hybridisation patterns for each of the plasmid probes can be summarised as follows: signals obtained with the Ck and the CK-JK-VK probes consistently emerged as two single dots in interphase cells and as one dot per chromatid in metaphase chromosomes. This was somewhat expected considering the germ line structure of these regions. In fact, the Ck probe also hybridises with other Ck segments, which together span 50 kb at the k locus and are separated from each other by approximately 10 kb.'823 These linear inter-region distances are below the lower limit of resolution of fluorescence microscopy, which apparently does not resolve sequences separated by less than 25 kb.27 As far as the K genes are concerned, although the VK1 and VK2 components of the mixed probe are known to cross hybridise to pseudo-genes in other chromosomes, 16 26 no evidence for cross hybridisation outside the K locus was found in either interphase or metaphase chromosomes. Possibly, in these experimental conditions, the signals originated by pseudo-genes were too faint to be detectable. Experiments where the VK probes (0-2 kb fragments) were used alone support this assumption, as the signals were hardly visible in only a few metaphase chromosomes. Accordingly, it can be concluded that the visualisation of the K genes was mainly accomplished by the JK and CK probes which recognise two regions separated from each other by only 2-4 kb. 28 In contrast with the results described above, The results obtained in B-CLL cells and in the prolymphocytic cell line clearly showed that these probes were also efficient in detecting the Ig genes in these two different malignant B cell populations. The extrapolation of the present results for a more general in situ analysis of Ig genes in B cells deserves, however, a few comments. It is theoretically conceivable that the efficiency of each probe in visualising the respective locus may vary among different B cell populations, as Ig genes are structurally modified in these cells. In relation to the mixed K probes, as the constant region is always represented in recombined K genes,3 and the JK component of the probe contains all the germline JK segments, the CK-JK combination is likely to be useful for the study of most B lymphoid cells. This assumption cannot, however, be safely generalised for the other probes, particularly for CX. The germ line organisation of k genes differs from those of H and K genes in that each constant segment is preceded by a J segment.'71820 Hence the particular recombination event that took place in each cell will certainly influence the signal intensity between different samples or even between the two homologous loci within the same cell. The patterns of CX hybridisation in the JVM-2 cells support this assumption, as the two k alleles were consistently visualised as signals of different sizes and intensity, consistent with the fact that one k allele is in germ line configuration, whereas the other has undergone somatic rearrangement.'°A similar phenomenon can be anticipated with regard to the y locus, as the deletion of target sequences can also occur in mature B cells that have progressed to heavy chain class switch.2930 This was not the case in the malignant cells analysed in this study which, as IgM expressing cells, are likely to retain the Cy segments in germ line configuration. The double hybridisation experiments with the chromosome 11 painting library, performed in JVM-2 cells, showed that the y region is retained and probably undisturbed in the translocated chromosome 14. These findings illustrate the value of simultaneously visualising single copy genes and whole chromosomes as a tool for the fine characterisation of gene/ chromosomal aberrances in neoplastic cells.
In conclusion, the present study shows that a high resolution visualisation of Ig genes within individual cells or chromosomes can be accomplished with probes routinely used for Southern blot analysis. Such an approach is likely to add further flexibility to the in situ analysis of chromosomal rearrangements involving this complex genetic system in neoplastic lymphoid cells.
